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The road network is a product of urban development processes, and
it plays a role in urban economic development. Additionally, a road net-
work has many inﬂuences on ecological processes within the urban
landscape. On one hand, a road network affects material cycles, energy
and information communication in human societies and in addition to
reducing the cost of transportation, a road network also expands the
scope of human activities (Forman and Alexander, 1998). On the other
hand, road networks also cause various adverse effects, including divi-
sion, interference, damage, and pollution (Forman and Alexander,
1998; Karlson et al., 2014), which directly or indirectly affect ecological
processes and accelerate habitat destruction and ecosystem degrada-
tion, eventually leading to an increase in regional ecological risk. Land-
scape ecological risk is an important branch of ecological risk at the
regional scale and primarily depends on the coupling of landscape pat-
terns and ecological processes to achieve integrated characterization of
multi-source risks from natural or human activities (Simmons et al.,
2007; Li and Zhou, 2015). Because of the complexity of human activities
and their effects on ecological processes, the inﬂuences of road network
expansion on regional ecological risk are also diverse. These inﬂuences
include changes in regional biodiversity and in the transfer of energy
and materials among ecological systems (Barandica et al., 2014; Staab
et al., 2015), in addition to changes in land-use and the evolution of
landscape patterns (Patarasuk et al., 2012; Xie et al., 2016). The evolu-
tion of forest landscapes over time and the spatial separation of water
areas are also affected (Freitas et al., 2012; Du et al., 2010). By studying
these processes, researchers have made progress in their research and
have constantly deepened the understanding of the mutual relations
between road network expansion and ecological risk. For example, the
studies on road network structure include either a single main road or
a complex road network (Fan et al., 2011; Redon et al., 2015), and
study areas include small regions with little interference from human
activities, such as forests, and areas that are greatly affected by human
activities, such as cities and large basins (Narayanaraj et al., 2012; Xie
et al., 2016; Barber and Cochrane, 2014). Additionally, research contexts
include the inﬂuence of road networks on regional landscape ecological
risk (Liu et al., 2008), using ecological risk assessment for guidance in
the construction and planning of the road networks (Cao et al., 2010),
and some other aspects (Staab et al., 2015). However, because of the
complexity of the study areas and the diversity of ecological research
methods, most studies focus on landscape ecological risk assessment
(Huang et al., 2016; Bian et al., 2015; Liu et al., 2016), and studies of
changes in the spatial characteristics of road networks are rare.
A road network is a complex network system with certain spatial
features that is gradually formed by a few roads in a region through
long-termplanning and development. It also stands for the urban devel-
opment level, especially Beijing—a city with extra high urbanization
level. In the process of urbanization, the road network expansion exerts
extensive and profound inﬂuences on regional ecological systems (Tian
et al., 2016). On one hand, the ecological effects of road networks will
continually increase over time. With the continuous concentration of
the population, the natural environment surrounding roads has been
severely damaged, resulting in a weakened ability of regional ecosys-
tems to resist external risks and increases in ecological risks (Liu et al.,
2008). On the other hand, the scope of inﬂuence of road networks will
further enlarge in the process of expansion (Cofﬁn, 2007). With im-
provements in road systems, the range of human activities also expands,
which increases the human impact on the natural ecology (Forman and
Alexander, 1998; Karlson et al., 2015). According to some research, ap-
proximately 15–20% of the U.S. total geography is land affected by road
networks (Forman, 2000) and about 16% of the Netherlands is covered
by road effect zones (Reijnen et al., 1997).And In China, the affected area
reached 18.37% (Li et al., 2004). However, the development of the re-
gional economy cannot leave the extension of the road network, but
the ecological effects caused by the road network expansion cannot beignored. Facing the increasingly prominent contradiction between eco-
nomic development and ecological protection, people urgently need to
ﬁnd a scientiﬁc way to solve the problem. Therefore, studying the road
network expansion and its impacts on the ecological risk in Beijing as
the study area, this study can provide important references for city in
road network planning and ecological management. Meanwhile, the
study also has important value to further understand the effects of
road networks on landscape ecological risk (Liu et al., 2008; Eigenbrod
et al., 2009; Karlson et al., 2014).
It's worth noticed that, in recent years, with the rapid development
of spatial information technology, the research methods of geography
have been used in a wide range of applications in various ﬁelds, partic-
ularly in the development of the geographic information system (GIS).
GIS is used to solve many questions about transportation and the envi-
ronment with various methods of spatial analysis (Guo et al., 2014;
Chang et al., 2015; Hu et al., 2016). Among these methods, the kernel
density estimation, an important spatial analysis tool based on geo-
graphic information systems, offers a powerful method of analysis to
study the effects of road network expansion on landscape ecological
risk by addressing the limitations of classical road density at different
scales effectively. Kernel density spatial analysis is an important spatial
analysis tool based on the combination of the nonparametric estimation
of kernel density and geographic information systems (Liu et al., 2011;
Cai et al., 2012; Anderson, 2009). To reﬂect the spatial differences of
the road network density in the study process, according to the values
of kernel density, we deﬁned the valueswithin a certain range as a “ker-
nel” in space. According to the size of the kernel area or the sequence of
the kernel generation, the kernels were classiﬁed as main kernels, sub-
kernels, old kernels, or new kernels, which intuitively characterized the
expansion processes of the regional road network (Liu et al., 2011; Xie
and & Yan, 2008).
The aim of this study was to explore the road network expansion
changes in Beijing and its impact on landscape ecological risk. For the
purpose, with the support of geographic information technology (GIS),
by applying the kernel density estimation tool, the road network densi-
ty in Beijing was derived and an ecological risk index was constructed
based on the landscape indices. Then, we analyzed changes in the
road network and the landscape ecological risk by time–space evolution
analysis to reveal the effects of road network expansion on regional
landscape ecological risk.
2. Materials and methods
2.1. Study area
Beijing is located on the eastern coast of China (115.7°–117.4° E,
39.4°–41.6° N) and has 14 districts and 2 counties for a total area of
16,410.54 km2. Since 2005, the government has led the establishment
of the city's development model, and all of the districts and counties
were classiﬁed into four large functional districts to support sustainable
development: the capital core district (Inner city), the urban functional
extension district, the new urban development district, and the ecolog-
ical conservation district (Fig. 1). The capital core district and the urban
functional extension districtwere primarily based on an artiﬁcial green-
land ecosystem; most of the farmland ecosystems were located in the
new urban development district and these areas were seen as the
urban outskirts; and the woodland and grassland ecosystems were pri-
marily distributed in the mountains of the ecological conservation dis-
trict, which were took as the urban suburban. The entire city is
surrounded by mountains in the west, north and northeast and to the
southeast, is the Beijing plain. Depended on the ﬂat terrain, the road
network system in the middle of city is extremely developed. The
urban road network uses the loop line as the backbone, with successive-
ly built urban expressways from two-ring to six-ring. The other primary
trunk roads form a spatial pattern that radiates outward from the urban
center, and they connect the internal and external branches of the loop
Fig. 1. The functional area development plan map of Beijing.
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279 million km; the total mileage increased by 471 km in the last year.
Beijing is a developed city and the capital of China and therefore, is
the national center of politics, culture, science, technology, and interna-
tional exchange. The planning of the road network and the protection of
the ecological environment in Beijing are very important and require
signiﬁcant planning. Therefore, studying the processes by which the
road network affects regional ecological risk can provide a theoretical
basis and technical support for future ecological construction and road
planning. Additionally, the study also can be instructive for the develop-
ment of other cities in China.
2.2. Data sources
The data used in the study primarily included administrative dis-
tricts and road vector data for Beijing, land use/land cover data, and re-
mote sensing image data. 1) The remote sensing image data were
primarily obtained from the NASA data-sharing site (http://
earthexplorer.hsgs.gov). We obtained Landsat TM images with 30-mresolution that covered the overall scope of Beijing in 2000, 2005 and
2010 and used them as the basic data source for the study after
orthorectifying treatment and other preprocessing. 2) The administra-
tive district data and road vector data for Beijing and the land use/
land cover datawere provided by the Data Center for Resources and En-
vironmental Sciences, Chinese Academy of Sciences (RESDC) (http://
www.resdc.cn). The administrative district data were primarily admin-
istrative border data recorded in Beijing in 2000 and 2005, which in-
cluded the administrative boundaries and administrative centers of
the districts. The road network vector data were obtained for Beijing
in 2000, 2005, and 2010 and included data for expressways, ring ex-
pressways, national highways, provincial roads, ﬁrst-grade urban
roads, county roads and other roads. Land use/land cover data were pri-
marily from the three periods of 2000, 2005, and 2010. These data were
divided into two levels. In the ﬁrst level, land cover was classiﬁed into 6
classes, including woodland, grassland, wetland, farmland, and con-
struction land. In the second level, according to the deﬁnition of Food
and Agriculture Organization Land Cover Classiﬁcation System (FAO
LCCS), the land cover was classiﬁed into 38 classes (Wang et al.,
(a)Bandwidth =5000m (c) Bandwidth =7000m (b) Bandwidth =6000m
Fig. 2. Density of road network with bandwidth 5000 m (a), 6000 m (b), 7000 m(c) in Beijing in 2010. (a) Bandwidth = 5000 m (b) Bandwidth = 6000 m (c) Bandwidth = 7000 m.
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land cover, with a total accuracy of 95% and a Kappa coefﬁcient above
0.81 (Liu et al., 2005, 2010; Wang et al., 2015).
2.3. Research methods
2.3.1. The kernel density analysis based on GIS
Kernel density estimation based on GIS primarily calculates the
point density or linear density of a moving window (Ying et al., 2014).
We assumed that x1,……,xn are independent and identically distributed
samples, which are extracted from the populationwith probability den-
sity function f. Then, the value of f at point x is estimated asf(x), which is
usually calculated with Rosenblatt-Parzen's KDE (Rosenblatt, 1956;
Parzen, 1962):
f n xð Þ ¼
1
nh
∑ni¼1k
x−xi
h
 
ð1Þ
In this Formula (1), k(x)is the kernel function; h is the
bandwidth; (x−xi) is the distance between x and xi, and n is the total
number of samples.
Among these parameters, the identiﬁcation and choice of h has the
greatest effect on the calculated results. At large values of h, the kernel
density is small and the curves of the density values are smooth. By con-
trast, when values of h are small, the curves of density values are more
abrupt. In this study, we used the road data in 2010 as an example, and
selected bandwidths of 500 0m, 6000m and 7000m for comparison. As
is shown in Fig. 2, we could clearly distinguish the density center of the
road network and the kernel borders in the bandwidth at 6000 m,
which effectively reﬂected the grade difference. Therefore, we selected
6000m as the bandwidth length in this study. Additionally, the speciﬁc
steps in solving the KDE are presented in other papers (Ying et al.,
2014). For the purpose of this study, and referring to related study re-
sults, we set the weight of expressways at 5, the weight of national
roads and ring expressways at 4, the weight of provincial roads at 3,
the weight of urban ﬁrst-grade roads at 2, and the weight of county
roads and other roads at 1 (Ji et al., 2014). Lastly, we calculated theTable 1
The calculation method for landscape indices.
Landscape index Formula References
Landscape fragmentation index
(Ci)
Ci=ni/Ai Xie et al., 2016
Landscape splitting index(Si) Si=Di ∙A/Ai, Di ¼ ð1=2Þ∙
ﬃﬃﬃﬃ
ni
p
=ﬃﬃﬃ
A
p
Zhang et al.,
2013
Landscape dominance index(Di) Di=(R+F)/4+L/2,R=ni/N,
F=Bi/B, L=Si/S
Gong et al.,
2015
Landscape disturbance index (Ei) Ei=aCi+bSi+cDi Liu et al., 2012
Landscape vulnerability index (Fi) Obtained by normalization Wu et al., 2015kernel values of the road network by using the spatial analysis tools of
Arcgis10.1 to characterize regional road network density.
2.3.2. Construction of the ecological risk index
ni: patch number of landscape type i; Ai: total area of landscape type
i;Di: distance index of landscape type i; A: total area of the landscape;N:
total number of patches; Bi: sample number of patch i; B: total number
of samples; Si: area of patch type i; S: total area of all samples. a, b, and c
are weights of indices Ci, Si and Di, respectively.
Ecological risk is a reﬂection of the possibility that an ecosystem
maintains itself into a low-energy equilibrium with relatively simple
structures and functions in response to external disturbance (Gong et
al., 2015). In this study, the ecological risk was characterized by land-
scape ecological risk which is associated with the degree of the external
disturbance and its vulnerability. The ecological risk is primarily built by
two landscape-level indices: landscape disturbance index (external)
and landscape vulnerability index (internal) (Shi et al., 2015). Land-
scape disturbance index measures the magnitude of the disturbance
from natural and human drivers. The landscape disturbance index (Ei)
is used tomeasure the resistance of the landscapepattern to external in-
terference, usually with landscape fragmentation (Ci), landscape split-
ting (Si) and landscape dominance (Di) indices weighted and summed
for quantitative characterization. The landscape fragility index (Fi) pri-
marily evaluates the internal capability of a landscape type to maintain
its stability, generally by artiﬁcial assignment (Xie et al., 2013). The rel-
evant parameters calculation showed in Table 1.
2.3.2.1. Landscape disturbance index. For the landscape disturbance index
(Ei), +b+c=1. Because of the high urbanization of Beijing, the expan-
sion of the road networkwouldmost likely ﬁrst lead to a greater degree
of landscape fragmentation (Ci) and then second, would more likely
change the degree of landscape splitting (Si), which would result in
the dominant production of some landscape types. According to previ-
ous studies and the opinions of experts, we expected that the fragmen-
tation index would be the most important index, followed by the
splitting degree index and the dominance index. Therefore, the weights
were assigned as 0.5, 0.3 and 0.2, respectively (Liu et al., 2012; Gong et
al., 2015; Zhang et al., 2013; Di et al., 2014). Thus, the landscape distur-
bance index (Ei) was obtained.
2.3.2.2. Frangibility degree index.According to the ﬁrst-level classiﬁcation
standard of China, the overall landscape of Beijing is divided into seven
landscape types. According to the characteristics of the research area
and referring to previous study results (Zhang et al., 2013; Di et al.,
2014), we divided the grade of fragility degree of the landscape types
into seven levels; the unused land was the weakest, followed by culti-
vated land, and the construction areas were considered themost stable.
Therefore, the grade of fragility degree for each landscape type was as
follows: unused land 7, wetland 6, cultivated land 5, garden land 4,
Fig. 3. Road kernel density distribution maps for Beijing in 2000(a), 2005(b) and 2010(c).
Table 2
The road network kernel of Beijing in 2000, 2005 and 2010.
Year Number of kernels Total area (km2) Growth (km2)
2000 1 355.89 0
2005 1 752.72 396.83
2010 5 1949.07 1196.35
1004 W. Mo et al. / Science of the Total Environment 574 (2017) 1000–1011grassland 3, forested land 2, and construction land 1, then normalized to
obtain their own vulnerability index (Fi) (Shi et al., 2015; Wu et al.,
2015).
2.3.2.3. Landscape ecological risk index. Based on the above-mentioned
landscape disturbance index and vulnerability index, we constructed
the landscape ecological risk index. This index is used to describe the
relative sizes of integrated ecological losses in a type of sample and
can fully reﬂect the changes in ecological risks caused by changes in
landscape pattern. Moreover, the index can change landscape spatial
structure into spatialized ecological risk variables by sampling. The for-
mula is as follows (Zhang et al., 2013):
ERI ¼∑Ni¼1
Ski
Sk
ﬃﬃﬃﬃﬃﬃﬃﬃﬃﬃ
Ei∙Fi
p
ð2Þ
In this Formula (2), ERI represents the landscape ecological risk
index; N represents the number of landscape types in the sample
areas; Ski represents the area of landscape type i in sample area k; Sk is
the total area of sample area k; Ei represents the disturbance index of
landscape type i; and Fi is the frangibility degree index of landscape
type i. Referring to a previous study (O'neill et al., 1996) and according
to local conditions of the landscape patches in the study area, this
study used an 8 km × 8 km square grid to spatialize the ecological risk
index, and we sampled a total of 319 sample areas with an equal inter-
val method. Then, we calculated the landscape ecological risk index for
each sample area as the ecological risk value of the sample area center.
2.3.3. Correlation analysis
The Spearman rank correlation coefﬁcient is a type of statistical anal-
ysis that is calculated based on the rank of each type of element sample
to replace the actual data. And this analysis method was primarily used
to discuss the impacts of road network expansion on landscape pattern.
The formula is as follows (Zhang et al., 2016):
r ¼ 1−6∑
n
i¼1d
2
i
n3−n
ð3Þ
In this Formula (3), r is the rank correlation coefﬁcient between x
and y ; di2=xi−yi, i =(1, 2, 3,….., n); n is the total number of samples;
xi is the rank of sample value for element x; and yi is the rank of sample
value for element y.
2.3.4. Maximum covariance analysis
To analyze the impacts of road expansion on the regional ecological
risk index, this study used maximum covariance analysis (MCA) to an-
alyze road density and ecological risk index. Maximum covarianceanalysis, also known as the singular value decomposition (SVD)
(Mardia et al., 1979), is used more generally in climatological science.
The analysis can distinguish the best coupling relationship and the cor-
responding time between the two physical ﬁelds. In the MCA analysis,
the covariance contribution (SCF) represents the importance of modal,
and the cumulative covariance contribution (CSCF) reﬂects the inter-
pretation degree of theﬁrst fewmodes in the two physical ﬁelds and re-
duces the dimension of variables. The modal correlation coefﬁcient
presents the relevant degree of the left and right ﬁelds in eachmodality.
Modal space distributions use the homogeneous and heterogeneous
correlation coefﬁcients between time series in MCA analysis results
and the original physical ﬁeld for characterization. Based on the re-
search objective, only the distribution of the heterogeneous correlation
coefﬁcient was analyzed in this study, and for all processes in the anal-
yses and the signiﬁcance of the parameters, refer to Bretherton 1992.3. Results and analyses
3.1. Evolution of road kernel density
To facilitate comparisons, according to the actual distribution of the
road network in each year, we deﬁned the “kernel” or “kernel area” as
areas in which the road network density value was greater than or
equal to 6 km/km2 (Fig. 3). Of these areas, the urban area within the
six-ring was deﬁned as the “urban center”. The largest kernel area was
located in the urban center and was deﬁned as the “main kernel”, and
another small kernel was deﬁned as a “sub kernel”. As shown in Table
2, the overall road network of Beijing increased greatly from 2000 to
2010. The number of road network kernels increased from 1 to 5; the
maximum kernel density increased from 18.761 km/km2 to
21.074 km/km2; and the total area of the kernel increased from
355.89 km2 to 1949.07 km2, a 4.5-fold increase compared with 2000.
The roadnetwork kernels are observed to expand not smoothlywith
time,which varied slowly during 2000–2005 and rapidly thereafter. The
period of 2000–2005 was one of slow expansion. In this stage, only the
main kernel was present and the number of kernels did not increase.
The area of the main kernel increased to 752.72 km2, which was twice
Fig. 4. Land type maps of Beijing in 2000(a), 2005(b) and 2010(c).
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Fig. 5. . The changes of each landscape type in 2000–2005 and 2005–2010.
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ually formed ﬁve directions of expansion to the southeast, northeast,
southwest, northwest and east (Fig. 3b). Rapid development of road
kernels occurred in the period of 2005–2010. The main kernel contin-
ued to expand outward, and the total area of road kernels increased
by 1196.35 km2, which was a threefold increase compared with the
area in 2000. Simultaneously, four sub-kernels were generated, and
the average kernel area reached 389.814 km2, which was very similar
to the kernel area in 2000. Thus, the growth speed was rapider.
Using spatial comparison analysis (Fig. 3), we found that the space
expansionmodel of the road kernel area was consistent with the devel-
opment planning of the regional functional orientation in Beijing. In
2000–2005, the road network kernels expanded slowly because the
population growth was relatively slow, and large area of tourist attrac-
tions of Inner city limited the road network expansion to a certain ex-
tent. To satisfy the increasing demands of trafﬁc, urban construction
and road expansion extended outward based only on the main kernel;
thus, the highest value of the main kernel in 2005 was slightly less
than that in 2000 (Figs. 3a and b). Simultaneously, the area of the
main kernel covered the districts that were in the urban functional ex-
tension district, namely, Shijingshan, Fengtai, Chaoyang, and Haidian,
and the expanding direction of the main kernel corresponded to the
ﬁve primary directions of the Jing-Gang-Ao Expressway (southwest),
the Jing-Jin-Tang Expressway (southeast), the Airport Expressway
(northeast), the Badaling Expressway (northwest), and the Jing-Tong
Expressway (east). By 2010, the main kernel had expanded rapidly to
cover the districts of Shunyi, Tongzhou, Changping, and Fangshan, and
two sub-kernels were in Daxing (Fig. 3c), which represented future sat-
ellite areas of urban economic development. These were the districts
covered by the new urban development area. The new urban develop-
ment area was the primary area that developed manufacturing and
modern agriculture in Beijing andwill be the center of economic devel-
opment in the future. Thus, the expansion of road kernels was tightly
correlated with urban development planning.
Further analysis showed that the expansion of the roadnetwork ker-
nel was in a certain space relevant to the expressways. In contrast to the
expanding direction of the main kernel in 2000 and 2005 and the sub-
kernel in 2010 (Fig. 3), the extension of the road main kernel in 2000–
2005 clearly corresponded to the beltway and expressways leading
out of the city (ﬁve directions). From 2005 to 2010, the sub-kernels
were distributed generally around the expressways and were primarily
associated with the properties of expressways. Expressways are the ar-
teries and backbone of a regional integrated transport system, andwith
high trafﬁc volume and large trafﬁc capacity, they are fundamental to
the spatial layout of satellite cities. Therefore, the road network also
gradually expanded with the advent of satellite cities.3.2. Analysis of landscape pattern change
To comprehensively analyze the overall landscape pattern of Beijing
based on land-use status in the study area and Chinese land classiﬁca-
tion standards, the overall landscape was classiﬁed into seven catego-
ries: grassland, woodland, cultivated land, wetland, unused land,
garden land, and construction land.
Cultivated land, forested land and construction landwere the prima-
ry types of land-use, whichwere closely associatedwith the terrain (Fig.
4). The urban center and southeast were suitable for living and social
production,with ﬂat terrain and a developed trafﬁc network, and there-
fore, the construction land and cultivated land were primarily found in
these areas. The west, north and northeast were mountainous, rugged
and less affected by human activities; these areas were primarily com-
posed of woodland and grassland.
Due to distribution differences of land-use types, the corresponding
landscape types changed signiﬁcantly over time and large changeswere
concentrated in the cultivated land and construction land, as shown in
Fig. 5. In three years, forested land was the most abundant landscape
type; however, changes were small in the two year periods, whereas
in these periods, great changes occurred in cultivated land and con-
struction land. The largest changes were in cultivated land; cultivated
land decreased by 4.31% from 2000 to 2005 and by 3.94% from 2005
to 2010. Opposite changes were observed for construction land; con-
struction land increased by 6.31% in ten years, which was one of the
largest increases of all landscape types. These changes in the two land-
scape types were highly correlated with urban development and con-
struction. Urban economic development promoted the change from
traditional agriculture to the second and third industries. Thus, the re-
duction in cultivated land provided sufﬁcient space for the formation
of new industries, and the expansion of construction land offered the
Table 3
The landscape index of the main landscape types in Beijing from 2000 to 2010.
Landscape index Year Grassland Wood land Unused land Cultivated land Construction land Water land Garden land
Landscape fragmentation index 2000 0.0314 0.0017 0.0777 0.0073 0.0226 0.0585 0.0318
2005 0.0320 0.0015 0.0522 0.0086 0.0190 0.0850 0.0232
2010 0.0295 0.0016 0.0536 0.0089 0.0176 0.0840 0.0219
Landscape splitting index 2000 0.4057 0.0296 2.2040 0.0825 0.2044 0.7529 0.4584
2005 0.4120 0.0282 1.4996 0.0973 0.1678 1.1777 0.3376
2010 0.3929 0.0289 1.6042 0.1089 0.1490 1.1765 0.3153
Landscape dominance index 2000 0.2370 0.4482 0.1306 0.3925 0.3576 0.2013 0.2088
2005 0.2458 0.4490 0.1336 0.3704 0.3756 0.1956 0.2123
2010 0.2326 0.4571 0.1336 0.3391 0.3984 0.1941 0.2101
Area proportion (%Land) 2000 4.76% 48.03% 0.40% 26.92% 13.52% 2.58% 3.78%
2005 4.72% 48.65% 0.58% 22.61% 16.82% 1.53% 5.08%
2010 4.78% 49.16% 0.52% 18.67% 19.83% 1.53% 5.51%
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ment of new industries.
To study the changes of landscape pattern, we used Fragstats3.3 to
calculate the landscape indices (Table 3). Obvious changes in the land-
scape indices of the different landscape types were observed. In three
years, the unused land and wetland were highly fragmented and
showed high degrees of separation, which were primarily related to
the nature of land-use in the landscape types. Unused land was scarce
and covered b1% of the study area, and therefore, the landscape frag-
mentation and degree of splitting were relatively high. The patches of
wetland were generally distributed as clumps or strip-types, and the
area of the wetland was relatively small and easily divided by roads
and other linear structures. In 2000–2005, the wetland area decreased
by 1.05%, a decrease by half compared with that in 2000; thus, the de-
gree of fragmentation of wetland exceeded that of unused land and be-
came the landscape with the highest degree of fragmentation. Of all the
landscape types, the dominance index of the woodland was the highest
as a result of human activity and nature. In recent years, with the pro-
motion of coordinated development of the economy and ecological en-
vironment in the capital of China, the government has protected the
natural forestswith high environmental standards. The urban ecological
conservation area in which woodland was the primary landscape type
was not conducive to road construction and economic development be-
cause the area was basically mountainous. Thus, woodland was more
dominant.
3.3. Analysis of landscape ecological risk
To analyze the ecological risk of the entire area, we used the formula
for landscape ecological risk and the spatial gridmethod to calculate the
risk value for each grid center (Fig. 7c). Then, after performing ordinary
kriging interpolationwith the data layer of the central point, we dividedFig. 6.Maps of the ecological risk level ithe ecological risk index into six grades using the Natural Breaks meth-
od of Arcgis10.1 (Zhou et al., 2014; Zhang et al., 2013): low risk, sub-low
risk, medium risk, sub-high risk, high risk and extra-high risk (Fig. 6).
The results showed that the distribution of overall ecological risk was
uneven in Beijing,with anobvious east–west polarization. The high eco-
logical risk values were in the east, south and water-adjacent areas in
the northeast, and the low ecological risk values were in the urban cen-
ter and the west.
Through speciﬁc analysis, we found that the sub-low risk area of the
urban center showed obvious outward expansion,whichwas consistent
with that of the road network kernel, but there were differences during
different stages of development. In 2000–2005, the extension process
was relatively slow in the sub-low risk area, which increased from
163.241 km2 to 458.456 km2, an increase of almost 1.8-fold (Table 4).
The growth speeds of the kernel areas were generally the same. The
risk area surrounded the center of the main kernel and gradually ex-
panded from the capital core district to the urban function extension
district. By 2005, the risk area coveredmost of the urban function exten-
sion district with a clumped distribution (Figs. 6a and b). In 2005–2010,
the risk area began to expand rapidly. The sub-low risk area increased
from 458.456 km2 to 866.23 km2, a 2.5-fold increase compared with
the area in 2000, but this increase was slower than that of the growth
rate of the kernel area. The risk area continued to surround the center
of the main kernel with a block distribution of which most covered
the urban function extension district. Simultaneously, few areas
stretched to the new urban development district, which highlighted
the trend of outward expansion along the beltways (Figs. 6b and c). Un-
like the expansion changes of the risk area, in the expansion processes
of the road kernel area, other sub-kernels were generated in addition
to the extension of the main kernel.
To further explore the changes in ecological risk, we conducted spa-
tial analysis with Arcgis10.1 to perform raster computing on then 2000 (a), 2005 (b) and 2010 (c).
Table 4
The area changes of the sub-low risk area in the middle of the city.
Year Area (km2) Growth(km2)
2000 163.241 0
2005 458.456 295.215
2010 866.23 407.774
Table 5
Changes in the ecological risk grade areas in Beijing from 2000 to 2010.
Risk grade
2000 2005 2010 2000–2005 2010–2005
Area
(km2) Area(km2) Area(km2)
Change
proportion
Change
Proportion
Low 1405.15 1418.72 1402.89 0.08% −0.09%
Sub-low 4902.73 5288.55 5114.11 2.36% −1.06%
Medium 3769.5 3673.23 4047.43 −0.59% 2.30%
Sub-high 3072.23 2894.34 2967.81 −1.09% 0.45%
High 2965.57 2841.29 2573.89 −0.76% −1.63%
Extra-high 213.85 212.9 218.92 −0.01% 0.04%
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es in ecological risk level in the central city were closely associated with
expressways, which were consistent with the expansion of the road
kernel. In 2000–2005, the changes in low-risk areas were the largest,
with an increase of 2.36%. The sub-high risk areas decreased the most
and were reduced by 1.09% (Table 5). In 2005–2010, the medium-risk
areas increased the most, by 2.3%, and the high-risk areas decreased
themost, by 1.63%. These changeswere closely related to human distur-
bances. Because of the inﬂuence of human activity, some of the ecolog-
ical environmentswith high-risk indices, such as cultivated lands,water
and other ecological systems, had some abilities to resist interference,
which led to declines in their risk levels. Simultaneously, the low-risk
areas continually expanded, and their level of risk began to increase
due to land exploitation, such as that of woodlands and grasslands.
This pattern was more obvious in the areas of road network expansion
(Fig. 7a). In 2000–2005, the areas of sub-low risk expansion and sub-
high risk reduction were distributed around the beltway and express-
ways, which indicated that, in the process of urban expansion, parts of
the cultivated land were gradually replaced by land for housing and
transport. Correspondingly, the ecosystem changed into an urban
green space ecological system that was strongly affected by humanpro-
tection, and therefore, the risk level declined with the strengthening of
anti-interference measures. In 2005–2010, a large-scale expansion of
themedium-risk areas and a reduction of high-risk areaswere also con-
centrated around the beltway and the expanding position of the main
kernel (Fig. 7b). Additionally, the low-risk area decreased, with an in-
crease in the level of risk, which caused growth of the medium-risk
and sub-high risk areas. Based on the above analysis, we could know
that the road network expansion had a certain spatial association with
the changes of regional ecological risk.3.4. Maximum covariance analysis
To explore the action relationship of the road network on ecological
risk, maximum covariance analysis (MCA)was performedwith the eco-
logical risk index in 2000–2010 as the left ﬁeld and the road kernel den-
sity value for the same time period as the right ﬁeld. Table 6 shows the
two singular vector covariance contributions (SCF), the cumulativeFig. 7. Ecological risk areas (c) and changes of riskcovariance contributions (CSCF) and the modal correlation coefﬁcients
obtained by the singular value decomposition (SVD).
As shown in Table 6, the cumulative covariance contribution rate in
the ﬁrst two spatial distribution patterns reached 99% in which the cu-
mulative covariance contribution in the ﬁrst pair of singular vectors
reached 98%, with the largest contribution for the covariance of the
two ﬁelds; the modal correlation coefﬁcient reached 0.92 and passed
the 95% signiﬁcance test, indicating that the left ﬁeld and the right
ﬁeld had good synergistic change characteristics. Therefore, analyzing
the ﬁrst space distribution type (SVD 1) fully reﬂected the coupling
characteristics of road density and ecological risk index.
Further analyzing the heterogeneous correlation coefﬁcient distri-
bution of the two ﬁelds, we found that the inﬂuence of road network
density on the ecological risk had obvious spatial differences. The het-
erogeneous correlation pattern distribution structure of the ﬁrst mode
in ecological risk is shown in Fig. 8(a): the negative correlation area
was obviously less than the positive correlation area and was primarily
distributed in the urban center and eastern and northern regions; the
signiﬁcant negative correlation areaswere relatively large, primarily lo-
cated inMiyun, Pinggu and suburban areas with a high degree of corre-
lation (|R|≥0.8). By contrast, the heterogeneous correlation pattern
distribution difference of the ﬁrst mode in road density was obvious
(Fig. 8 b), with the urban, southeastern edge a positive correlation
area, the west and north negative correlation areas, and the overall cor-
relation strong. Areas of signiﬁcant correlationwere primarily located in
Tongzhou, Shunyi and other suburban areas. From the overall MCA re-
sults, in the urban center, road density and ecological risk index were
negatively correlated, i.e., the ecological risk index was smaller with
greater regional road density. For the outskirts of the urban southeast,
road density and ecological risk indexwere strongly positively correlat-
ed, i.e., the ecological risk index was greater with a more complex re-
gional road network. Finally, in the northern mountains, the two were
also positively correlated. This difference might be closely related to
the distributions of urban ecosystem types. First, the artiﬁcial green eco-
system was the general ecosystem of the urban center, which waslevels in 2000–2005 (a) and 2005–2010 (b).
Table 6
The results of MCA analysis for ecological risk index and road kernel density.
Mode
Modal correlation
coefﬁcient
Covariance
contribution
Cumulative covariance
contribution
SVD1 0.92⁎⁎ 0.98 0.98
SVD2 0.97⁎⁎ 0.01 0.99
⁎⁎ Passing the 95% signiﬁcance test.
Table 7
Correlation of road kernel density and landscape index.
Year Landscape fragmentation Landscape splitting Landscape dominance
2000 −0.360⁎⁎ 0.019 −0.560⁎⁎
2005 −0.457⁎⁎ 0.020 −0.576⁎⁎
2010 −0.370⁎⁎ 0.230⁎⁎ −0.276⁎⁎
⁎⁎ If p b 0.01, Signiﬁcant correlation.
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ple focused and emphasized ecological protection in the course of road
construction, such as including ecological corridors, regional road net-
work expansion reduced ecological risk to a certain extent. Second,
most of cultivated land was distributed in the suburban plain area,
which was an area in which land use change was obvious and that
was easily occupied by urban trafﬁc or commercial land; therefore, the
ecological risk was largely inﬂuenced by road networks. Last, in the
northern part of the city, the ecological systems were primarily wood-
lands and grasslands, and because of the mountainous terrain, extend-
ing the road network was limited. Although these systems continued
to operate under the ecological process of natural succession, the in-
creasing road network density still inﬂuenced their ability to resist ex-
ternal interference, causing an increase in the ecological risk. Of note,
as shown in Fig. 8 (a), a signiﬁcant negative correlation area was in
the northeast of the city in the region primarily near the Miyun reser-
voir, which is the primary drinking water supply in Beijing, in which
the surrounding natural environment was protected by special govern-
ment policies and roadswere constructedwith outstanding attention to
ecological effects. Thus, as the number of roads increased, the regional
ecological risk was actually reduced.
4. Discussion
With the support of geographic information technology, this study
used kernel density estimation and an ecological risk index to perform
space–time dynamic analysis for the road network and urban ecological
risk in Beijing. The results revealed the inﬂuence of road network ex-
pansion on regional ecological risk. Most traditional research has fo-
cused on the impacts of land-use changes around roads on the
regional ecological environment (Liu et al., 2010; Liu et al., 2008;Fig. 8. Heterogeneous correlation patterns for the ﬁrst mode of ecological risk index (a)、road
signiﬁcance test.Patarasuk, 2012), and the analysis of changes caused by road networks
has been limited to numerical expressions of various measured indices,
which cannot accurately reﬂect the variations in local road networks. In
this study, kernel density estimation was used to calculate the urban
road network density, which effectively overcame the limitations of tra-
ditional road network density analysis at a big scale and revealed the
impacts of road network expansion on landscape ecological risk more
intuitively.
4.1. Inﬂuence of road network expansion
The landscape ecological risk index based on landscape indices
quantiﬁes the regional ecological risk well, but this index cannot direct-
ly reﬂect the affecting process of road network expansion on the ecolog-
ical environment. How the road network changes landscape patterns to
affect regional ecological risk requires further study.
4.1.1. Correlation of road kernel density with landscape indices
To eliminate the inﬂuences of the study area boundaries and to im-
prove the accuracy of the analysis, we excluded some samples in the
study area boundary and analyzed the correlations between landscape
fragmentation index, splitting index, and dominance index and road
kernel density in the remaining regions (Table 7). We found that road
network expansion inﬂuenced the changes in regional ecological risk
primarily through landscape fragmentation and dominance. 1) In the
three years, the road kernel density was signiﬁcantly negatively corre-
lated with landscape fragmentation and dominance indices and was
also signiﬁcantly positively correlated with the landscape splitting
index in 2010, but the correlation was weak. 2) In 2000 and 2005, the
correlations between road kernel density and landscape dominance
were relatively high, which illustrated that the inﬂuence of roaddensity(b). The shaded areas showed that the signiﬁcance correlation passed the 95% of
Fig. 9. Spatial analysis of landscape fragmentation in 2000 (a), 2005 (b) and 2010 (c).
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mined by the landscape dominance. In 2010, aweak correlation showed
that the impacts of the road network on landscape dominance were not
stable. 3) For the three years, the road kernel density and landscape
fragmentation index maintained a stable relationship, and the correla-
tion was signiﬁcant, which illustrated that the impacts of the road net-
work on landscape fragmentation were relatively stable. The
signiﬁcant negative correlation was consistent with previous research
results (Liu et al., 2014).
4.1.2. Landscape index spatial relationships
For further discussing the inﬂuence laws of the road network, we
used theNature breakingmethod of Arcgis10.1 to divide landscape frag-
mentation, landscape dominance and ecological risk into three levels
(Figs. 9, 10 and 11). As described above, road kernel density and land-
scape fragmentation were signiﬁcantly negatively correlated, and with
a denser road network, the landscape fragmentationwas lower. This re-
sult was opposite to the positive correlation found in other research
areas (Liu et al., 2008; Cai et al., 2012). For the urban center in Beijing,
the original natural landscape and ecological systemwere previously re-
placed and the original ecological environment was completely lost be-
cause of the land-use changes caused by the expansion of the road
network. Therefore, the degree of fragmentation was low because
there were fewer patches and the more effective patches were
protected by artiﬁcial ecosystems such as construction land (Fig. 9). By
contrast, grasslandswere far from the urban area andwere easily affect-
ed by the terrain; therefore, the fragmentation degree of grasslands was
higher because patches were more abundant and scattered. Moreover,Fig. 10. Spatial analysis of landscape dominadue to the time scale dependence of the affecting processes, the correla-
tions between road density and landscape fragmentation were not
strong (Table 7). Landscape dominance was negatively correlated with
road kernel density, and therefore, the landscape dominance of the
urban center was also relatively low (Fig. 10). In 2000 and 2005, the
landscape dominance of the urban central area was low and that of
the mountain woodlands was high, which was the complete opposite
to the spatial layout of the road network. In 2010, the urban central
area had a large high-dominance area (Fig. 10c), which corresponded
to theweak correlation of road kernel density and landscape dominance
(Table 7). The direct effect of the road network expansion was a de-
crease in landscape dominance, but with enhancement of human dis-
turbance, the ecosystem types surrounding the road were controlled
by people completely and changed in a positive direction for urban con-
struction. Thus, the landscape dominance of the urban central area
increased.
In conclusion, although the expansion of roads increased landscape
fragmentation (Cai et al., 2012), the road network often caused patches
of regional construction land to continually expand and more strongly
affect the changing of the regional landscape. Due to inﬂuence of
human activities, patches of construction land were large and fewer,
and therefore, landscape fragmentation was reduced. By the decrease
in landscape dominance, the ecological diversity of the landscape in-
creased and there was closer contact among ecological systems, which
ﬁnally lowered the ecological risk of the urban central area. For wood-
lands and grasslands, the landscape fragmentation and dominance
were higher, but fragility indiceswere lower; thus, theywere less affect-
ed by the road network and were primarily distributed in thence in 2000 (a), 2005 (b) and 2010 (c).
Fig. 11. Spatial analysis of the ecological risk level in 2000 (a), 2005 (b) and 2010 (c).
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cultivated land andwetlandwere relatively low, but the fragility indices
were relatively high; thus, they were greatly affected by the road net-
work and human activity. Moreover, the ecological high-risk areas
were primarily distributed in the northeast and southeast (Fig. 11) in
which wetland and cultivated land were the primary landscape types.
Based on the above discussion, the road network caused changes in eco-
logical risk primarily by inﬂuencing landscape fragmentation and dom-
inance to a certain extent.5. Conclusions
With the support of geographic information system (GIS) technolo-
gy, we used the kernel density estimation to calculate urban road den-
sity and analyzed the temporal and spatial changes in the road kernel
areas. With this approach, we conducted comparative research on an
ecological risk index through spatial interpolation to explore the inﬂu-
ence of road network expansion on regional landscape ecological risk.
(1) In the dynamics of the overall landscape pattern, changes in
landscape indices of various landscape types were obvious and were
primarily related to the type of land-use. Under the inﬂuence of urban-
ization, patches of cultivated land changed the most, and with little un-
used land, the degree of fragmentation and splitting was high. Wetland
was easily divided by linear structures such as roads, and therefore, the
fragmentation of this land type increased rapidly. The landscape domi-
nance of woodlandwas consistently high due to the combined effects of
humans and nature.
(2) In the time series, the expansion of the road kernel areawas con-
sistentwith the changes in the sub-low risk area in the urban center, but
there were differences during different stages of development. Speciﬁ-
cally, two periods of expansion were observed, one slow and the other
rapid. The period of 2000–2005 was the slow expansion stage, and
both areas rapidly expanded in the urban function expansion district
based on the capital core district. The growth speed of the two areas
was basically the same. The period of 2005–2010 was the stage of
rapid development, and the two areas extended from the urban func-
tion expansion district to the new urban development district, in
which the growth speed of the road kernel areas was relatively rapid
and the overall road kernel did not remain uniﬁed with the generation
of sub-kernels.
(3) In the spatial pattern, expanding changes of the road kernel area
were consistent with the grade changes of the urban central ecological
risk, which both had a certain spatial correlation with expressways.
The positions of the road network expansion along the expressways
corresponded to the changing areas of the ecological risk grade in the
urban center.(4) The effects of road networks on the ecological risk in the study
area had obvious spatial differences, which might be closely related to
the distribution of urban ecosystem types. In the urban center and the
vicinity of Miyun reservoir, road density and ecological risk index
were primarily negatively correlated. These areas were basically in the
artiﬁcial ecosystem in which, because of the effect of human protection,
the ecological risk index was smaller when the road network density
was higher. In the southeast plain area of the urban outskirts, road den-
sity and ecological risk index were positively correlated. Most of this
area was cultivated land in which the land-use changed signiﬁcantly
due to the inﬂuence of the roadnetwork. Because of the lack of sufﬁcient
time samples, studying the impacts of road network expansion on the
regional ecological risk based on the spatial correlation had a limitation;
therefore, the authors will further explore the action mechanism in
more time series.Acknowledgements
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